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Abstract
During rice (Oryza sativa L.) seed development, the primary endosperm nucleus undergoes a series of divisions
without cytokinesis, producing a multinucleate cell, known as a syncytium. After several rounds of rapid nuclear
proliferation, the syncytium ceases to undergo mitosis; thereafter, the syncytium is partitioned into individual cells
by a speciﬁc type of cytokinesis called cellularization. The transition between syncytium and cellularization is
important in determining the ﬁnal seed size and is a model for studying the cell cycle and cytokinesis. The involvement
of cyclin-dependent kinase (CDK) inhibitors (CKIs) in cell cycle control was investigated here during the transition
between syncytium and cellularization. It was found that one of the rice CKIs, Orysa;KRP3, is strongly expressed in the
caryopsis at 2 d after ﬂowering (DAF), and its expression is signiﬁcantly reduced at 3 DAF. The other CKI transcripts
did not show such a shift at 2 DAF. In situ hybridization analysis revealed that Orysa;KRP3 is expressed in
multinucleate syncytial endosperm at 2 DAF, but not in cellularized endosperm at 3 DAF. Two-hybrid assays showed
that Orysa;KRP3 binds Orysa;CDKA;1, Orysa;CDKA;2, Orysa;CycA1;1, and Orysa;CycD2;2. By contrast, Orysa;CDKB2;1
and Orysa;CycB2;2 do not show binding to Orysa;KRP3. Orysa;KRP3 was able to rescue yeast premature cell division
due to the dominant positive expression of mutant rice CDKA;1 indicating that Orysa;KRP3 inhibited rice CDK. These
data suggest that Orysa;KRP3 is involved in cell cycle control of syncytial endosperm.
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Introduction
The rice (Oryza sativa L.) endosperm comprises a substantial
proportion of the mature seed and contains a large amount
of carbohydrates. It is an important source of calories for
humans and animals and also provides raw materials for
goods and biofuels. Extensive research has been directed at
improving the grain size, quality, and yield. Some of the
limitations of conventional rice breeding may be overcome
by biotechnological engineering. However, signiﬁcant im-
provements require an understanding of the molecular
processes controlling endosperm development.
Rice seed development begins with double fertilization in
which the haploid egg cell and the two polar nuclei in the
central cell are fertilized by haploid sperm cells. After double
fertilization, the triploid primary endosperm nucleus begins
to divide rapidly. Endosperm development proceeds in
several distinct phases: syncytium formation, during which
the endosperm nuclei undergo many rounds of mitosis
without cytokinesis; cellularization during which cell walls
form around the endosperm nuclei; differentiation, which
includes the formation of transfer cells, aleurone, and starchy
endosperm; and maturation, which includes endoreduplica-
tion for the accumulation of storage compounds, dormancy,
and desiccation (Hoshikawa, 1967a, b, c, 1968; Olsen, 2001,
2004; Brown and Lemmon, 2007; Sabelli and Larkins, 2009).
Abbreviations: Ct, threshold cycle; RT-PCR, reverse transcription-polymerase chain reaction; CDK, cyclin-dependent kinase; CKI, CDK inhibitor; KRP, Kip-related
protein; DAF, day after ﬂowering; RMS, radial microtuble system.
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sition between syncytium and cellularization (Brown et al.,
1996a). The duration of the syncytial phase and the timing of
cellularization are important because they correlate with the
extent of nuclear proliferation and may inﬂuence seed size
and grain weight. Thus, the biotechnological approach to
prolong the duration of syncytial nuclear proliferation is
a promising strategy for altering seed size. However, little is
known about the molecular processes controlling syncytial
nuclear proliferation and cellularization.
Cyclin-dependent kinase (CDK) inhibitors (CKIs) bind
CDKs and inhibit cell cycle progression. There are two
types of CKIs (the INK4 and the Kip/Cip families) in mam-
mals. Plants do not appear to have INK4 CKIs, but pro-
teins related to the Kip/Cip CKIs have been identiﬁed and
designated as Kip-related proteins (KRPs). Recently, a sec-
ond group of CKIs, called SIAMESE in Arabidopsis or EL2
in rice, has been identiﬁed (Churchman et al., 2006; Peres
et al., 2007). The SIAMESE-related genes are not present in
animals and fungi; therefore, these genes are most likely
unique to plants. In Arabidopsis, seven KRP (Arath;KRP1
to Arath;KRP7) genes were identiﬁed and their inhibitory
activity against CDK was conﬁrmed both in vitro and in
vivo (Wang et al., 1998; De Veylder et al., 2001; Zhou et al.,
2002; Verkest et al., 2005). They also arrest the cell cycle in
response to speciﬁc developmental or environmental cues.
Abscisic acid and cold conditions induce Arath;KRP1
expression (Wang et al., 1998). Arath;KRP2 expression is
negatively regulated by auxin during early lateral root
initiation (Himanen et al., 2002). Arath;KRP6 and
Arath:KRP7 were involved in the control of germline
proliferation (Kim et al., 2008; Liu et al., 2008; Gusti et al.,
2009). In addition to their role in blocking cell cycle
progression, KRPs have also been suggested to regulate
nuclear DNA endoreduplication. In Arabidopsis, there is
functional evidence that KRPs promote endoreduplication
(Verkest et al., 2005; Weinl et al., 2005). In monocotyledon-
ous plants, two maize (Zea mays) genes—Zeama;KRP1 and
Zeama;KRP2—were characterized and shown to be ex-
pressed in developing endosperm. Both the proteins inhibit
endosperm Cdc2-related CDK activity in vitro. Zeama;KRP1
was suggested to be involved in endoreduplication during
the middle stage of endosperm development (Coelho et al.,
2005). In rice, seven KRP (Orysa;KRP1 to Orysa;KRP7)
genes were identiﬁed in the rice genome database (Barroco
et al., 2006; Guo et al., 2007). Overexpression of Orysa;KRP1
reduced cell production and seed ﬁlling, which was accompa-
nied by a drop in endoreduplication during the late stage of
endosperm development, suggesting a role of Orysa;KRP1 in
cell cycle control at the maturation stage of seed development
(Barroco et al., 2006).
Three different types of cell cycles occur during endosperm
development: (i) mitosis without cytokinesis, resulting in
syncytium formation; (ii) mitosis coupled with cell division;
and (iii) endoreduplication. Although the latter two cell cycle
types have been characterized during the later stages of
endosperm development, the molecular factors that control
the cell cycle in the syncytium are scarcely known.
The involvement of CDK inhibitors in the altered types
of cell cycle control in the early stage of rice endosperm
development is investigated here. One of the rice KRPs—
Orysa;KRP3—is strongly expressed in the multinucleate
syncytial endosperm, and its expression is down-regulated
after cellularization. Orysa;KRP3 is able to bind and inhibit
rice CDK/cyclin. Our data provide a possible role of
Orysa;KRP3 in cell cycle control during the early phase of
rice endosperm development.
Materials and methods
Plant materials
Rice plants (Oryza sativa L. cv. Hitomebore) were grown under
ﬁeld conditions in plastic pots ﬁlled with soil at Iwate University
(Morioka, Japan). Spikelets were marked on the ﬂowering day and
subsequently sampled daily following maturity. Different tissues
(leaf, stem, root, and panicle) were collected around 10 DAF.
RT-PCR
Total RNA was isolated from plant tissues by the acid guanidi-
nium thiocyanate–phenol–chloroform extraction method (Chomc-
zynski and Sacchi, 1987). First-strand cDNA synthesis was carried
out via ReverTra Ace reverse transcriptase (Toyobo, Osaka,
Japan) with oligo (dT)15 and random primers. Semi-quantitative
PCR was performed with various forward and reverse primers
(Table 1). Quantitative real-time RT-PCR was carried out with
SYBR Premix Ex Taq II (Takara, Ohtsu, Japan). Samples were
analysed in triplicate in a Thermal Cycler Dice Real Time System
(Takara). In each case, dissociation curves conﬁrmed the purity of
the ampliﬁed products. Relative expression levels were calculated
according to the 2
–DDCT method (Livak and Schmittgen, 2001)
using 18S rRNA as the internal control. The primers used for these
analyses are listed in Table 1.
In situ hybridization
In situ hybridization of sections through developing rice spikelets
was performed according to Hirose (2002) with some modiﬁcations.
Plant materials were ﬁxed in 2% (w/v) paraformaldehyde and 15%
(v/v) saturated picric acid in 50 mM sodium phosphate buffer, pH
7.4 overnight at 4  C, dehydrated through an ethanol series and
t-butanol series, and ﬁnally embedded in Paraplast Plus (Sigma-
Aldrich). Sections (7 lm thick) were used for in situ hybridization.
The sections were deparafﬁnized with xylene and rehydrated
through an ethanol series, treated with proteinase K (2 lgm l
 1)i n
100 mM TRIS-HCl, pH 7.5, 50 mM EDTA at 37  C for 10 min,
followed by post-ﬁxation with 4% paraformaldehyde in 10 mM
phosphate buffer, pH 7.2. Subsequently, the sections were washed
in distilled water and then dehydrated through an ethanol series.
The Orysa;KRP3 template for riboprobe synthesis was ampliﬁed by
PCR and subcloned into pCR-Blunt vector (Invitrogen). The
primers used for PCR are listed in Table 1. Sense and antisense
RNA probes were labelled from cDNA inserts in pCR-Blunt with
digoxigenin (DIG)-UTP (Roche) by T7 RNA polymerase (Takara).
The sections were hybridized with a DIG-labelled RNA probe at
42  C overnight in a hybridization buffer containing 50% (v/v)
formamide, 23 SSC, 1% (w/v) blocking reagent (Roche), 50 mM
sodium phosphate, pH 7.4, and 1 mM EDTA. After hybridization,
the sections were washed with 23 SSC at 42  C for 30 min and
washed again in 0.53 SSC. The hybridization signals were detected
using a DIG nucleic acid detection kit (Roche).
Yeast two-hybrid experiments
Yeast two-hybrid assays were performed using the BD Matchmaker
two-hybrid system 3 (Clontech). The open-reading frames of Orysa;
KRP3, Orysa;CDKA;1, Orysa;CDKB2;2, Orysa;CycA1;1, Orysa;
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speciﬁc primers (Table 1) and cloned into pGBKT7-BD (Clontech)
and/or pGADT7-AD (Clontech), respectively. All the constructs were
conﬁrmed by sequencing. Different combinations between bait
(pGBKT7 DNA-BD-insert) and prey (pGADT7-AD-insert) constructs
were transformed into AH109 (Clontech) and their ability to grow on
histidine- and adenine-deﬁcient minimal media at 30  C was assayed.
Expression of Orysa:KRP3 in ﬁssion yeast
A dominant positive mutant of the rice CDKA;1 gene (Orysa;CD-
KA;1.A14F15) was constructed by mutagenizing Orysa;CDKA;1
cDNA. A plasmid containing an Orysa;CDKA;1.A14F15 open-
reading frame was ampliﬁed by inverse PCR with the mutagenized
primer sets (Table 1) and an Orysa;CDKA;1 plasmid as a template.
After degradation of the template DNA by DpnI digestion, the
mutagenized plasmid was transformed in Escherichia coli. The
Orysa;CDKA;1.A14F15 insert was fused to the nmt41 promoter in
the ﬁssion yeast expression vector pREP42 (Basi et al., 1993).
Orysa;KRP3 cDNA was subcloned into the ﬁssion yeast expres-
sion vector pESP-1 (Stratagene). Plasmids were transformed into
the ﬁssion yeast strain YN29 h
90 leu1 ura4-D18 (Ikemoto et al.,
2000) using the electroporation method. All the ﬁssion yeast
manipulations were performed according to the ESP yeast protein
expression system manufacturer’s instructions (Stratagene).
Results
Orysa;KRP3 is expressed in the panicle
Seven rice KRP candidates designated Orysa;KRP1 to
Orysa;KRP7 were identiﬁed in the rice genome database
(Barroco et al., 2006; Guo et al., 2007). Among them,
Orysa;KRP7 lacks a CDK-binding box, suggesting that this
gene may be a pseudogene (Guo et al., 2007).
The expression of rice KRP genes was examined in
various plant tissues and callus by semi-quantitative RT-
PCR (Fig. 1). Orysa;KRP1, Orysa;KRP4, and Orysa;KRP5
were expressed ubiquitously. Orysa;KRP2 transcripts were
not detected in any of the tissues or callus examined.
Orysa;KRP6 transcripts were detected in the callus but were
barely detectable in intact plant tissues.
Remarkably, Orysa;KRP3 transcripts were detected in
the panicle but were barely or not detected in other plant
tissues and callus examined. Although different tissue-
speciﬁc expression patterns of Arabidopsis KRP genes were
reported, no Arath;KRP gene was speciﬁcally expressed in
the panicle (De Veylder et al., 2001). Taken together, the
transcript proﬁles suggest that Orysa;KRP3 might play
unique roles in the monocotyledonous panicle.
Orysa;KRP3 expression is dramatically high in the
panicle at 2 DAF
For a more detailed characterization of Orysa;KRP3, its
cDNA sequence was veriﬁed by sequencing a full-length
cDNA clone obtained by RT-PCR from a rice panicle
RNA. The sequence was conﬁrmed as 100% identical to the
Table 1. List of primers used in this study
Gene Locus/Accession no. Forward primer (59 to 39) Reverse primer (59 to 39) Purpose
Orysa;KRP3 Os11g0614800 AGCTCTGGCTGGTTCTTGTTGGCAAGCTAG AGAGGGGAGCTCATCAGAAGCATCCTC cDNA cloning
AGCGCCGGCGATTCGCAGAGAAGTAC TGCAGACATGGGTGTGAGTTGAGTTGACAC RT-PCR
ACATTGCCCTCGACCGCCCGTTGCAAG TGCAGACATGGGTGTGAGTTGAGTTGACAC Real-time RT-PCR
AGCGCCGGCGATTCGCAGAGAAGTAC GAGCTCATCAGAAGCATCCTC In situ probe
Orysa;KRP1 Os02g0762400 CGAGAGGAGAGAAACAACTCCATC CCCCTGTACCTTCCTTTCTAGCTT RT-PCR
CGAGAGGAGAGAAACAACTCCATC TCAGCTTCGGCTGCTGACCACCGGAGTC Real-time RT-PCR
Orysa;KRP4 Os10g0471700 ATACGATTAGCACCCCTGGATCTAC CCATTGAGTCTACAGGCTAACCCT RT-PCR
CAGCAGAGCTGGAAGCGTTCTTCG CCATTGAGTCTACAGGCTAACCCT Real-time RT-PCR
Orysa;KRP5 Os03g0137800 CAGCAACATCAGGCTTTCAGAG AGCTAGGCCTAAAAGAGGTGGTTC RT-PCR
CAGCAACATCAGGCTTTCAGAG CTAGCAGTCTAGCCTTGTCCATTCGTAC Real-time RT-PCR
Orysa;KRP6 Os09g0459900 GTCGACATGCCCAGGAAGGCGAAGAAG ACAGGCGAAGCATCTACTGCTAAC RT-PCR
GCCAAGTACAACTATGACATC CACATGACATGGAGTAACC Real-time RT-PCR
OsACT1 Os03g0718100 CCTCGCACCAAGCATGAAGA CGACTCATCATACTCTCTCCCTTTG RT-PCR
18S rRNA AK059783 ATGATAACTCGACGGATCGC CCTGGATGTGGTAGCCGTTT Real-time RT-PCR
Orysa;CDKA;1 Os03g0118400 CATATGGAGCAGTACGAGAAGGAGGAGAAG TCATTGTACCATCTCAAGGTCCTTGAAG cDNA cloning
GATTGGGGAGGGCGCCTTCGGGGTGGTGTA ATGTGGTGGGGCTTCCGCGGGAGGGGTTAG Mutagenesis
Orysa;CDKA;2 Os02g0123100 CATATGGAGCAGTACGAGAAGGTGGAGAAG CTACGCCACTTCCAGGTCCTTGAAGTACTC cDNA cloning
Orysa;CDKB2;1 Os08g0512600 CATATGGACCTGTACGAGAAGCTGGAGAAG TCAGTAGAGCTCCTTGTTCACGTCGTTG cDNA cloning
Orysa;CyclinA1:1 Os01g0233500 CATATGTCGAGCAACCTAGCAGCCTC TCAGCATGTTGCGTCGCGAAAGAATTCG cDNA cloning
Orysa;CyclinB2:2 Os06g0726800 CATATGGAGAACATGAGATCTGAGAAC TTACAGTGCCACGCTCTTGAGCAAGAAGAC cDNA cloning
Orysa;CyclinD2;2 Os07g0620800 CATATGGGTGTTCTTTGCTTCGGCGCTTC TCAGATTGGTGTTGTGTTTAATCTCCTC cDNA cloning
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annotated rice genomic sequence (Tanaka et al., 2008).
To deduce the possible role of Orysa;KRP3 in the panicle,
the transcript levels in developing seeds were measured at
different time points from 0 d to 14 d after ﬂowering (DAF)
using real-time quantitative RT-PCR (Fig. 2). Orysa;KRP3
transcripts were detected throughout the period of seed de-
velopment, with a dramatic increase at 2 DAF and a rapid
decrease 1–2 d later to a basal level. By contrast, the
transcript accumulation proﬁles of other Orysa;KRP genes
did not show any particular change at 2 DAF. The distinct
transcript accumulation proﬁle of Orysa;KRP3 suggests a func-
tional diversity between Orysa;KRP3 and other Orysa;KRP
members during rice seed development.
Orysa;KRP3 is expressed in multinucleate syncytial
endosperm
A marked increase in the expression of Orysa;KRP3 at 2
DAF implies a speciﬁc cell cycle regulation at 2 DAF. It is
known that a speciﬁc cell cycle event occurs during the early
phase of rice seed development: the primary endosperm
nucleus undergoes a series of divisions without cytokinesis,
producing a multinucleate cell known as a syncytium. The
syncytial nuclei are evenly arranged in the peripheral
cytoplasm surrounding a large central vacuole. At a speciﬁc
time point in seed development, mitosis in the peripheral
syncytium ceases. Thereafter, the syncytium is partitioned
into individual cells by a speciﬁc type of cytokinesis called
cellularization (Hoshikawa, 1967b; Brown et al., 1996a;
Olsen, 2004).
The timing of transition between syncytium formation
and cellularization was determined. Figure 3 shows sections
of rice seeds at 2–4 DAF stained with toluidine blue. At 2
DAF, numerous syncytial nuclei were observed in the pe-
riphery of the central cell (Fig. 3A). At 3 DAF, cellulariza-
tion was observed. At the beginning of cellularization,
a nuclear-based radial microtubule system (RMS) (Brown
et al., 1996a; Olsen, 2004; Sabelli and Larkins, 2009) was
observed (Fig. 3B). The RMS deﬁnes nuclear-cytoplasmic
domains, resulting in approximately equally distanced nu-
clei in a single layer lining the central cell. When neighbour-
ing RMS meet, the ﬁrst anticlinal wall (perpendicular to the
central cell wall) is deposited between each endosperm
nucleus, compartmentalizing the cytoplasm lining the cen-
tral cell (Fig. 3C). In some cases, two layers of walled cells
were observed at the periphery of the endosperm, indicating
the ﬁrst mitotic periclinal cell division (Fig. 3D). At 4 DAF,
the endosperm was completely cellularized and the central
cell cavity was completely ﬁlled with cells (Fig. 3E).
The spatial expression pattern of Orysa;KRP3 in de-
veloping rice seeds was examined next by in situ hybridiza-
tion (Fig. 4). At 2 DAF, the strong expression signal of
Orysa;KRP3 was observed in the multinucleate syncytium
(Fig. 4A). At higher magniﬁcation, Orysa;KRP3 mRNA
Fig. 1. Expression of rice KRP genes in different rice tissues.
cDNA prepared from the indicated tissues was subjected to semi-
quantitative RT-PCR analysis with gene-speciﬁc primers. The rice
actin 1 gene (ACT1) was used as a loading control.
Fig. 2. Expression of rice KRP genes during seed development.
Total RNA isolated from 10 seeds at each DAF stage was
subjected to real-time quantitative RT-PCR analysis. The values
represent the relative amount of transcripts compared to the time
point with the lowest transcript level. Error bars indicate mean 6SD
of three independent experiments. Data are representative of two
independent biological replicates.
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periphery of the central cell (Fig. 4B). No or a very weak
background signal was detected in an equivalent section
hybridized with a sense probe (Fig. 4C, D). At 3 DAF,
Orysa;KRP3 mRNA was barely detectable in the primary
cellularized (the ﬁrst anticlinal wall formed) cells (Fig. 4E).
In completely cellularized endosperm at 4 DAF, the expres-
sion of Orysa;KRP3 (Fig. 4G) was not detected. These
expression proﬁles are in agreement with those obtained by
the real-time RT-PCR analysis shown in Fig. 2. Collec-
tively, the expression of Orysa;KRP3 is speciﬁcally high in
the multinucleate syncytium at 2 DAF.
Orysa;KRP3 binds rice CDKs/cyclins
The ability of Orysa;KRP3 to interact with rice CDKs and
cyclins was tested by a GAL4-based yeast two-hybrid system.
The plasmid encoding Orysa;KRP3 fused to the GAL4 DNA
binding domain was transformed into yeast reporter strains
expressing GAL4 activation domain fused CDKs or cyclins.
In the absence of adenine and histidine, transformants grow
only when those proteins interact. As shown in Table 2,
Orysa;KRP3 interacted with Orysa;CDKA;1, Orysa;CDKA;2,
Orysa;CycA1;1, and Orysa;CycD2;2. By contrast, Orysa;
CDKB2;2 and Orysa;CycB2;2 did not show binding to
Orysa;KRP3. In reciprocal two-hybrid assays in which the
prey and bait vectors were exchanged, positive interactions
were conﬁrmed. These results indicated that Orysa;KRP3 is
able to bind several rice CDKs and cyclins.
Orysa;KRP3 inhibits rice CDK activity
The biological activity of Orysa;KRP3 was assayed in
ﬁssion yeast in vivo. Orysa;KRP3 cDNA was subcloned into
Fig. 4. In situ localization of Orysa;KRP3 transcripts in sections
of developing rice caryopses. (A–D) Caryopses at 2 DAF showing
syncytial endosperm. (E, F) Caryopses at 3 DAF showing the
beginning of cellularization. (G, H) Caryopses at 4 DAF showing
completely cellularized endosperm. (A, B, E, G) Caryopses were
hybridized with the Orysa;KRP3 antisense probe. (C, D, F, H)
Caryopses were hybridized with the Orysa;KRP3 sense probe.
(B) and (D) are enlarged views of (A) and (C), respectively. Cv,
central vacuole; N, nucellus; P, pericarp; En, endosperm
nucleus. Bars¼50 lm.
Fig. 3. Morphology of developing rice endosperms collected at
2–4 DAF. Sections of each endosperms were stained with
toluidine blue. (A) Two DAF rice caryopses showing syncytial
endosperm. (B) Three DAF rice caryopsis showing the radical
microtubule system (RMS). (C) Three DAF rice caryopses showing
a single layer of cellularized endosperm cells. The initial anticlinal
walls compartmentalize the each endosperm nuclei. (D) Three
DAF rice caryopses showing two layers of cellularized endosperm
cells. (E) Four DAF rice caryopses showing completely cellularized
endosperm. Right panels, enlarged views of the left. Cv, central
vacuole; N, nucellus; P, pericarp; En, endosperm nucleus.
Bars¼50 lm.
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repressible promoter nmt1 and introduced into yeast cells.
The cells expressing Orysa;KRP3 exhibited no changes in
cell morphology as compared to the control cells trans-
formed with the vector alone (Fig. 5A, B), suggesting that
Orysa;KRP3 did not inhibit the function of yeast CDK.
The inhibitory effect of Orysa;KRP3 on rice CDK was then
tested by coexpressing Orysa;KRP3 and a dominant positive
mutant of a rice CDK. The expression of a dominant positive
mutant of Arabidopsis CDKA;1 (Arath;CDKA;1.A14F15)
caused accelerated cell division, resulting in cells being
smaller than the control cells (Hemerly et al., 1995). It has
been demonstrated that this reduced size results from an
increase in CDK activity in yeast cells (Porceddu et al.,
1999). According to the dominant mutations described in
Arath;CDKA;1.A14F15, T14 and Y15 of rice CDKA;1 was
replaced with A14 and F15 (Orysa;CDKA;1.A14F15),
respectively. The expression of the Orysa;CDKA;1.A14F15
gene led to the production of cells that divided at a reduced
size (Fig. 5C), compared to the cells transformed with the
control vector (Fig. 5A), suggesting increased CDK activity
in these cells. However, when Orysa;CDKA;1.A14F15 was
co-expressed with Orysa;KRP3, yeast cells exhibited normal
cell morphology and cell size compared to the control cells
(Fig. 5D). These results indicate that Orysa;KRP3 has the
ability to inhibit rice CDK and to change the cell size.
Discussion
Rice is one of the most important food crops in the world,
and improved seed yield has been a major current focus of
crop breeding programmes. Alteration of the rate and dura-
tion of syncytial nuclear divisions in the endosperm has
been proposed as a biotechnological strategy for altering
seed size and grain yield (Tiwari et al., 2006). Therefore,
it would be desirable to identify the genes speciﬁcally
expressed in the syncytial endosperm. Thus far, differential
screening, mutant screening, microdissection, and micro-
array experiments have identiﬁed the genes that are prefer-
entially expressed in the syncytial endosperm of Arabidopsis
and barley (Doan et al., 1996; Luo et al., 2005; Portereiko
et al., 2006; Tiwari et al., 2006; Day et al., 2007, 2008; Kang
et al., 2008). Despite the identiﬁcation of syncytial endosperm-
preferred genes in Arabidopsis and barley, the rice genes pref-
erentially expressed in the syncytial endosperm have not been
identiﬁed. In this study, it was found that Orysa;KRP3 is
strongly expressed in the multinucleate syncytium at 2 DAF
and that its expression is signiﬁcantly reduced after cellulariza-
tion. The transcript accumulation proﬁles of other KRP genes
did not show any particularly increased expression at 2 DAF,
suggesting that Orysa;KRP3 has distinct roles in cell cycle
control during the syncytial stage of endosperm development.
It is interesting to note that Arath;KRP4 showed endosperm-
preferred expression in Arabidopsis (Day et al., 2008).
Although the expression of Arath;KRP4 is not limited in
the endosperm; further spatial and temporal expression
analyses may provide information about cell cycle control
in the endosperm.
The expression of a dominant positive mutant of
Arth;CDKA;1.A14F15 or Orysa;CDKA;1.A14F15 in ﬁs-
sion yeast results in cells being smaller than control cells
(Fig. 5; Hemerly et al., 1995; De Veylder et al., 2001).
Because conserved threonine 14 and tyrosine 15 were
replaced with alanine and phenylalanine, these mutants
were not down-regulated by the phosphorylation of tyrosine
15, resulting in an increase of CDK activity (Porceddu
et al., 1999). Similarly, overexpression of the ﬁssion yeast
cdc25 gene in tobacco results in a signiﬁcant reduction in
cell size (Bell et al., 1993), mostly because cdc25 activates
CDK by removing the phosphate group on conserved tyro-
sine 15 in the catalytic cleft of CDK. By contrast, the over-
expression of CKIs in transgenic plants has been shown to
inhibit CDK activity and to reduce cell production. Cells in
these transgenic plants became larger than those in wild-type
Fig. 5. Cytological analysis of the yeast cells expressing
Orysa;KRP3 and/or the dominant positive Orysa;CDKA;1.A14F15.
(A) Wild-type ﬁssion yeast cells transformed with empty control
vectors. (B) Yeast cells expressing Orysa;KRP3. (C) Yeast cells
expressing the dominant positive Orysa;CDKA;1.A14F15.
(D) Yeast cells coexpressing Orysa;CDKA;1.A14F15 and
Orysa;KRP3. Bars¼5 lm.
Table 2. Interaction of Orysa;KRP3 with different CDKs and
Cyclins
Prey/bait Orysa;KRP3
GAL-BD GAL-AD
Orysa;CDKA;1 + +
Orysa;CDKA;2 + +
Orysa;CDKB2;1 –
Orysa;CycA1;1 + +
Orysa;CycB2;2 –
Orysa;CycD2;2 + +
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Similarly, the present study showed that overexpression of
Orysa;KRP3 rescued yeast premature cell division due to the
expression of Orysa;CDKA;1.A14F15 (Fig. 5). Considering
this, along with the results mentioned above, it can be said
that Orysa;KRP3 also has the ability to inhibit CDK
activity in rice.
In barley, after the initial period of intense proliferation
of endosperm nuclei, there is a 2 d cell cycle arrest. During
this time, nuclear-based RMS is formed (Brown et al.,
1994). Cellularization begins with the formation of a func-
tional phragmoplast at the boundary of the adjacent RMS.
Next, the anticlinal wall (perpendicular to the central cell
wall) is deposited between each RMS and the syncytium is
partitioned into individual cells. Then, the endosperm cells
resume cell cycle progression and divide periclinally. The
process of cellularization proceeds centripetally until the
central cell cavity is completely ﬁlled with cells (Olsen, 2001,
2004; Brown and Lemmon, 2007; Sabelli and Larkins,
2009). It is not clear if this cell cycle arrest occurs in rice as
well, most likely because the cellularization process is much
more rapid in rice: 3–4 d in rice; 6 d in barley (Hoshikawa,
1967b; Brown et al., 1996b; Olsen, 2001). Therefore, it is
probable that a similar cell cycle arrest occurs before
cellularization in rice. It is also speculated that the variation
in the ﬁnal number of endosperm nuclei in different species
is under the control of the cell cycle arrest before cellu-
larization. However, the molecular control mechanism that
causes cell cycle arrest just before cellularization is still
unknown. It was found that Orysa;KRP3 has the ability to
inhibit rice CDK and is strongly expressed in the syncytial
endosperm. Furthermore, the expression of Orysa;KRP3 in
the late syncytial phase (2 DAF) was much higher than that
in the early syncytial phase (0–1 DAF). These results raise
the possibility that Orysa;KRP3 determines the ﬁnal number
of endosperm nuclei and the ﬁnal seed size by regulating cell
cycle arrest at the end of the syncytial phase. Therefore,
controlling the cell cycle in the syncytial endosperm by
manipulation of Orysa;KRP3 could offer the potential to
improve the seed size.
In conclusion, our results suggest an important role of
Orysa;KRP3 in cell cycle control during the early stage of
rice endosperm development. The fact that Orysa;KRP3
accumulates at the syncytial endosperm and that Ory-
sa;KRP3 inhibits CDK activity supports this hypothesis.
Although large collections of rice mutants are now avail-
able, it is disappointing that no mutant of Orysa;KRP3 was
identiﬁed. Therefore, rice plants with enhanced or reduced
levels of Orysa;KRP3 expression in the syncytial endo-
sperm, engineered for instance by overexpression or knock-
down of Orysa;KRP3, can be tested in the future as new
transgenic cultivars with large or small grain size or yield.
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